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Although it has been hypothesized for thirty years that many human adaptations are likely to be due to changes in gene regulation 1 , almost nothing is known about the modes of natural selection acting on regulation in primates. Here we identify a set of genes for which expression is evolving under natural selection. We use a new multi-species complementary DNA array to compare steady-state messenger RNA levels in liver tissues within and between humans, chimpanzees, orangutans and rhesus macaques. Using estimates from a linear mixed model, we identify a set of genes for which expression levels have remained constant across the entire phylogeny (,70 million years), and are therefore likely to be under stabilizing selection. Among the top candidates are five genes with expression levels that have previously been shown to be altered in liver carcinoma. We also find a number of genes with similar expression levels among non-human primates but significantly elevated or reduced expression in the human lineage, features that point to the action of directional selection. Among the gene set with a human-specific increase in expression, there is an excess of transcription factors; the same is not true for genes with increased expression in chimpanzee.
A number of recent studies have used DNA microarrays to compare patterns of gene expression between closely related species [2] [3] [4] [5] [6] [7] [8] [9] . Within primates, the focus has been primarily on human-chimpanzee comparisons, estimating gene expression profiles for a number of tissues, including liver, brain and heart 2, 6, 7, 10 . The aim has been to characterize general trends in the evolution of gene expression rather than to identify specific genes of interest. To date, conclusions about the selection pressures acting on gene expression have been conflicting 2, 3, 6, [11] [12] [13] . These studies have all relied on data collected from arrays using gene probes that were designed on the basis of human sequences only. However, sequence mismatches affect hybridization intensity and can therefore bias estimates of gene expression differences between species 14 . This limitation of single-species arrays is especially problematic when the goal is to study how expression changes over evolutionary time. To make comparisons between more distantly related primate species, we generated a multi-species cDNA array that allows comparison of gene expression between species without the confounding effects of sequence divergence 14 . This cDNA array contains probes for 1,056 orthologous genes from four species (see Supplementary Methods) 14 . We used this array to compare gene expression profiles in the livers of humans, chimpanzees (Pan troglodytes), orangutans (Pongo pygmaeus) and rhesus macaques (Macaca mulatta), the phylogeny of which represents approximately 70 million years (Myr) of evolution. By assigning expression changes in the liver to particular lineages, we were able to identify the first set of genes for which regulation seems to be under lineage-specific selection pressures. In order to measure gene expression levels within and between species, we extracted RNA from liver samples of five adult males from each of the four species. A common reference design was used, with a sixth human liver sample serving as the reference. We performed four technical replicates of each comparison, for a total of 80 hybridizations. Results from all species were obtained for 907 genes, used in subsequent analyses (Supplementary Table S1 ).
After image analysis, background correction and normalization, the log expression values were analysed using a linear mixed model with fixed effects for species and sequence mismatches, and a random effect for individuals within species (see Methods). For each gene, we used residual maximum likelihood 15 to estimate the fixed effects and variances. Hypothesis testing was performed using likelihood ratio tests (see Methods).
As a first step, we identified genes that are differentially expressed between species (Table 1) . A phylogenetic tree based on the number of differentially expressed genes between species 16 recapitulates their known phylogeny ( Supplementary Fig. S1 ). However, the number of significantly differentially expressed genes does not always increase with evolutionary time.
Focusing on human and chimpanzee, we found 110 genes (12%) to be differentially expressed at a false discovery rate (FDR) 17 of 0.01, with a mean absolute log ratio of 1.56-fold difference (Supplementary Table S2 ). Our observation is in general agreement with a statistical meta-analysis 11 of the data from ref. 2 . In contrast to this meta-analysis, however, we find that equal numbers of genes have elevated (55) or reduced (55) expression levels in humans compared to chimpanzees.
To estimate lineage-specific changes in expression levels, we used the expression profiles from orangutan and rhesus macaques as outgroups for 84 of the genes that show significantly different expression between human and chimpanzee ( Fig. 1a ; see Methods). Using this approach, we found similar numbers of genes for which expression has been altered in either the human or the chimpanzee lineage. Moreover, in both species, the numbers of genes that show increased or decreased expression levels relative to the estimated ancestral expression level is similar (45 and 43 of the genes are upregulated in humans and chimpanzees, respectively). In addition, the average or median fold change in gene expression level is similar regardless of the lineage or the trend (that is, up or down) ( Supplementary Fig. S2 ). The pattern also holds for expression changes in the human lineage in genes that are not differentially expressed between human and chimpanzee ( Fig. 1b ; 52% of the genes were upregulated). These observations do not agree with previous studies 2, 10 . Possible explanations for the discrepancy are the use of human microarrays for inter-primate comparisons 2 , or the assignment of expression changes to lineages in the absence of outgroup data 10 . Our approach also allows the identification of genes for which regulation is likely to have evolved under stabilizing selection. Previous studies have done this by testing for deviations from neutrality or stabilizing selection 13, 16, 18 . Such an approach requires a model for the evolution of expression, and thus relies on a number of parameter estimates about which there is considerable uncertainty in primates (for example, the neutral expression change per generation, and the environmental and mutational variance for each gene). Instead of specifying an explicit model, we used statistical analyses to rank genes according to their pattern of evolutionary change among the four species, and focused on those at the top of the list as the most promising candidates.
LETTERS
First, we identified genes that best fitted a model of constant expression level throughout the phylogeny, reasoning that these represent promising candidates for stabilizing selection. A majority of the genes on the array (60%) do not show significant inter-species expression differences. However, failure to reject the null hypothesis of no expression difference between species can result from constant expression level in all individuals in all species (Fig. 2a) or large within-species variance (Fig. 2b) -especially as primate tissues cannot be staged 10 . As our aim is to identify genes under stabilizing selection, we are only interested in the former scenario. We therefore ranked genes by their expression variation among individuals across all species (see Methods). Genes at the top of our list are not significantly differentially expressed between species, and also have low within-species variance (Fig. 2) . The expression levels of these genes seem to have remained constant for ,70 Myr 19 , suggesting that their regulation is under evolutionary constraint. Among the first 100 genes on our list (Supplementary Table S3 ), the most significant enrichment (P , 10
28
; uncorrected for multiple tests) is for genes from the category 'regulation of cellular physiological process' (Gene Ontology ID 0051244; http://www.geneontology.org). As we expect transcription of such genes to be similar across individuals and species, this finding serves as a validation of the approach.
A number of recent papers have argued that the majority of expression differences observed between primates are neutral, based primarily on the observation that the mean square fold change in expression levels in liver and brain increases linearly with species divergence time 6, 12 . Having found no clear increase in the number of significantly differentially expressed genes with time (Table 1) , we reexamined the mean square fold change for our data. This revealed no linear increase over time ( Supplementary Fig. S3 ). Moreover, our observation that many genes show stable expression levels over 70 Myr suggests that, rather than evolving mostly neutrally, expression levels are often under stabilizing selection, consistent with findings in Drosophila 16, 18 and in C. elegans 20 . This finding has implications for studies of human disease. Indeed, our observations suggest that many changes in gene regulation may be deleterious and hence influence disease susceptibility. Consistent with this, among the top 100 genes for which regulation is probably evolving under stabilizing selection, genes associated with human cancer are slightly enriched (9% compared to 5% in the total gene sample; P ¼ 0.10, one-tailed Fisher's exact test). Moreover, the expression levels of five genes (MBD4, WWOX, ING1, ATP7B and IGFBP2; ranked 5th, 12th, 28th, 58th and 66th, respectively) have been shown to be altered specifically in liver carcinoma [21] [22] [23] [24] . These findings suggest that focusing on genes with conserved expression levels among primates may be helpful in identifying promising candidates for disease-association studies, much like phylogenetic shadowing of DNA sequences 25 can aid in the identification of noncoding elements of functional importance.
Using this general approach, we also identified genes for which expression levels are not significantly different among non-human primates but are significantly elevated or reduced in humans relative to each of the three other species (see Methods and Supplementary  Table S4 ). In other words, the expression level of the gene has remained similar over ,65 Myr of evolution and then changed over the ,5 Myr of the human lineage, indicative of directional selection in humans. Our analysis revealed 14 genes with significantly higher expression levels in humans and five with lower expression (Fig. 3) . We note that we are likely to be missing a number of targets of positive selection: gene expression varies across tissues and developmental stages 26 , and as a result, the absence of support for selection in primate expression data is weak evidence against it.
Notably, among the genes with higher expression in humans, we find a significant excess of transcription factors (5/12, 42% compared with 10% representation on the array; P ¼ 0.003 by Fisher's exact test, including all genes for which GO annotation was available), whereas no transcription factors were found among genes with unusually low expression in humans. We repeated this analysis using a less stringent criterion to identify genes for which the mean expression level in humans differed significantly from that of nonhuman primates (see Methods). Again, transcription factors were overrepresented among the 30 genes with elevated expression in humans (30%; P ¼ 0.001, Fisher's exact test), and no transcription factors were found among 19 genes with reduced expression. In contrast, when these analyses were applied to chimpanzee (Supplementary Table S5 ), the number of transcription factors was equivalent among genes with elevated (9%) or reduced (9%) expression levels (for the less stringent cutoff), and neither proportion was significantly different from the overall representation on the array (that is, 10%). It is unlikely that these observations can be explained by differential degradation of transcripts encoding specific classes of proteins 27 , as no difference in RNA quality was observed between human and non-human primate samples during sample preparation (on the basis of electrophoretic analyses).
In addition to the rapid evolution of expression levels, genes encoding transcription factors have also been shown to evolve rapidly in the human lineage at the coding sequence level 28 . Together, these findings raise the possibility that the function and regulation of transcription factors have been substantially modified in the human lineage, potentially affecting many downstream targets over a short evolutionary time frame. Notably, the opposite finding emerged from studies of closely related Drosophila species, in which the expression levels of transcription factors were shown to evolve slower than genes encoding other types of proteins 16, 18 . Given the large number of phenotypic changes in the human lineage 1 , it is tempting to speculate that relative rates of transcription factor evolution may serve as an indicator of rates of phenotypic evolution at the organismal level.
Finally, to examine the extent to which evolution of proteincoding regions mirrors gene expression level changes in the liver, we considered three sets of genes: those for which expression levels seem to be under directional selection in humans (set A), the top 100 candidates for stabilizing selection (set B) and the remaining genes (set C). To assess the evidence for natural selection acting on coding regions, we used estimates of the posterior probability that a gene is subject to positive or negative selection based on synonymous and non-synonymous nucleotide polymorphism and divergence levels at genes on our array 28 . Using this approach (with a posterior probability of 0.05), only 6% of genes in set C and 4% in set B are inferred to evolve under positive selection. In contrast, among set A, significantly more genes (25%) are inferred to evolve under positive selection (P ¼ 0.03, one-tailed Fisher's exact test). These observations suggest that genes with expression levels under directional selection in humans are somewhat more likely to show accelerated amino acid evolution.
In summary, the use of a new multi-species cDNA array has allowed us to identify a set of genes with regulation under natural selection in humans. In particular, the over-representation of transcription factors among the genes with modified expression levels in the human lineage is consistent with the suggestion that most differences between human and chimpanzee are due to changes in gene regulation 1 , and might provide insight into their genetic architecture.
METHODS
Study design and analysis. The 80 arrays were scanned using a GenePix Axon scanner and data were extracted using GenePix 6 (Molecular Devices) to give Cy5 and Cy3 foreground and background fluorescence intensities. Analysis was done in the R computing environment (http://www.r-project.org). Backgroundcorrected Cy5 and Cy3 intensities were produced using the 'normexp' method with an offset of 50, implemented in the limma software package 29 . Lowess curves for intensity-dependent normalization were generated in a way similar to ref. 14, where probes from the two species involved in the hybridization were used to fit the curves. All probes on the array were adjusted by the fitted lowess curve (see Supplementary Methods). We concentrated on the 907 genes on the array for which successful polymerase chain reaction (PCR) products were obtained from all species 14 . The expression log ratios for each gene were analysed using the linear mixed model:
in which we have suppressed the gene labels. Here, y tijp is the normalized log 2 ratio measured for target species t for replicate j of individual i on species probe p. The term m t is the expected log ratio of the expression level of the gene in target species t relative to the human reference, and k tp and k hp are parameters corresponding to the reduction in the log expression levels caused by reduced affinity owing to target and probe sequence mismatches. As each hybridization has target species t on the red channel and the human reference on the green channel, there are two k terms for each measurement. We assume that k tt is equal to 0, and that the affinity adjustments are symmetrical in target and probe (that is, k tp ¼ k pt ). The term a ti is the random effect for individual i of species t, assumed to be uncorrelated with mean zero and variance j 2 a . Finally, 1 tijp is the residual error term, and these are assumed to be uncorrelated with mean zero and variance j 2 1 . We also considered models that included random effects for probes within arrays and a crossed term for an array £ probe interaction, but found that the contributions from these terms were substantially smaller than the error term and therefore did not warrant inclusion in the model. (See Supplementary Information for further details on the parameters and model.) For each gene, the model was fitted by residual maximum likelihood using statmod and lme software packages 30 . Hypothesis testing. Likelihood ratio tests were used for hypothesis testing. Under the full model, for each gene, 12 parameters (4 m t parameters, 6 k tp parameters, j 2 a and j 2 1 ) were estimated by maximum likelihood. Genes deemed to be under stabilizing selection were those for which the fit of a reduced model with m ¼ m h ¼ m c ¼ m o ¼ m r was adequate (h, human; c, chimpanzee; o, orangutan; r, rhesus macaque). Such genes were selected on the basis of the likelihood ratio test statistic comparing the fit under this sub-model to that under the full model. Under the null hypothesis, 22(log-likelihood ratio) has an approximate x 2 distribution on 3 degrees of freedom, and genes for which this statistic was less than 12.4 (P ¼ 6.1 £ 10 23 ) were chosen. We then ranked these genes according to the magnitude of the between-to-within individual ratio mean squares 16ĵ 
À
Á =ĵ 2 1 starting with genes for which this was small. We note that the latter process alone would not suffice to identify genes that are not differentially expressed between species (Supplementary Fig. S4 ).
To select genes that were different in human compared to the other three species, we combined three criteria. First, we used a likelihood ratio statistic to exclude genes that were differentially expressed in the non-human primates. We maximized the likelihood under the constraints m ¼ m c ¼ m o ¼ m r , constructed the ratio of this likelihood compared to the full model, and removed genes where we estimated significant differences. Second, we used a likelihood ratio statistic to rank genes on the basis of differences between human and the other species (that is, m -m h ). We chose a cutoff statistic of 16 (P ¼ 6.3 £ 10
25
) to select genes, but also investigated genes selected under a more relaxed cutoff of 12, which corresponds to ,1% FDR 17 . Third, we restricted the list to genes with small between relative to within individual variance. Pairwise differences between species were also constructed using a likelihood ratio statistic with a cutoff chosen to give 1% FDR, assuming a x 2 1 distribution (numbers are given in Table 1 ). We found by simulations that the null likelihood ratio test statistic was well approximated by a x 2 distribution, implying that our assumptions are accurate (data not shown).
We note that correlation between species due to shared phylogeny is not expected to influence our results, as no structure is imposed on the parameters for the means of the different species and no model is fitted to them across species.
